Redirection of immune cells to efficiently eliminate tumor cells holds great promise. Natural killer cells (NK), macrophages, or T cells are specifically engaged with target cells expressing markers after infection or neoplastic transformation, resulting in their activation and subsequent killing of those targets. Multiple strategies to redirect immunity have been developed in the past two decades, but they have technical hurdles or cause undesirable side-effects, as exemplified by the T cell-based chimeric antigen receptor approaches (CAR-T therapies) or bispecific T cell engager platforms. Our first-in-class bispecific antibody redirecting innate immune cells to tumors (AFM13, a CD30/CD16A-specific innate immune cell engager) has shown signs of clinical efficacy in CD30-positive lymphomas and the potential to be safely administered, indicating a wider therapeutic window compared to T cell engaging therapies. AFM13 is the most advanced candidate from our fit-for-purpose redirected optimized cell killing (ROCK®) antibody platform, which comprises a plethora of CD16A-binding innate immune cell engagers with unique properties. Here, we discuss aspects of this modular platform, including the advantages of innate immune cell engagement over classical monoclonal antibodies and other engager concepts. We also present details on its potential to engineer a fit-for-purpose innate immune cell engager format that can be equipped with unique CD16A domains, modules that influence pharmacokinetic properties and molecular architectures that influence the activation of immune effectors, as well as tumor targeting. The ROCK® platform is aimed at the activation of innate immunity for the effective lysis of tumor cells and holds the promise of overcoming limitations of other approaches that redirect immune cells by widening the therapeutic window.
Introduction
Cancer immunotherapy is an innovative field in oncology that has yielded highly promising new cancer treatments harnessing the ability of the body's innate immune system to fight cancer. Different immunotherapies are in development, including tumor-targeting monoclonal antibodies (mAbs), checkpoint modulators (CPMs), immune-activating cytokines, cancer vaccines, and adoptive cell transfer. Examples of mAb therapeutics targeting specific antigens overexpressed on cancer cells and activating the immune system through antibody-dependent cell-mediated cytotoxicity (ADCC) are rituximab, trastuzumab, and cetuximab, targeting CD20, human epidermal growth factor receptor 2 and epidermal growth factor receptor (EGFR), respectively. In contrast, mAbs targeting immune checkpoints directly activate immune cells, thus enabling them to recognize and eliminate cancer cells more efficiently. Examples of CPMs approved for cancer therapy are mAbs targeting programmed cell death 1 (PD-1), such as nivolumab or pembrolizumab, cytotoxic T-lymphocyte-associated protein 4, such as ipilimumab, or PD-L1, such as atezolizumab.
A different approach combines tumor targeting and immune cell engagement via bispecific antibodies. 1 The field currently focuses on cytotoxic T-cell engaging antibodies, with blinatumomab, a CD19/CD3-bispecific T-cell engager for acute lymphoblastic leukemia (ALL), being the only approved therapy in this class. Numerous T-cell engaging antibodies, as well as bispecific antibodies, targeting different immune effector cells such as natural killer (NK) cells are in early development. The most advanced bispecific NK cell engager is the tetravalent bispecific CD30/CD16A tandem diabody AFM13. 2, 3 AFM13 is in clinical development in CD30-positive lymphomas as monotherapy and in combination with the anti-PD-1 antibody pembrolizumab, and has shown signs of clinical efficacy with a good safety profile in both approaches. Other NK cell engagers targeting CD33, EGFR, or B-cell maturation antigen (BCMA) are currently in preclinical development.
antibodies, adoptive cell therapy approaches have mainly focused on engaging cytotoxic T cells with antigenexpressing target cells, resulting in T cell activation and subsequent killing of cancer cells expressing those targets. First approvals of CAR T cell (CAR-T) therapies were the CD19-targeting CAR-T axicabtagene ciloleucel (Yescarta®) in large B-cell lymphoma and tisagenlecleucel (Kymriah®) in nonHodgkin lymphoma and B cell ALL in 2017.
While these T-cell engaging approaches are efficacious, they are also associated with severe treatment-related toxicities like cytokine release syndrome (CRS) or tumor lysis syndrome, which cause very high fevers and dangerously low blood pressure. Other serious side effects observed with cytotoxic T cell engaging therapies include neurotoxicities such as, confusion, seizures and severe headaches. Despite the initial enthusiasm, most bispecific T-cell engaging antibodies have had difficulties establishing a therapeutic index that provides clinical benefit with acceptable side effects. In contrast, alternative immune cell engaging approaches such as bispecific NK cell engagers or adoptive NK cellular transfer have not only shown signs of efficacy, 4 but were also well tolerated in lymphoma, 3 acute myeloid leukemia (AML) 5, 6 or other hematological malignancies such as multiple myeloma. 7 NK cell-engaging bispecifc antibodies and NK cell-based cellular therapies might therefore be potentially safer alternatives to T-cell engagers and CAR-T therapies.
NK cells are cytotoxic lymphocytes of innate immunity and are essential for immunosurveillance of otherwise lifethreatening infections and cancer. 8 NK cells, macrophages, neutrophils, and eosinophils can kill target cells opsonized with antibodies by ADCC after recognition of the Fc portion of human immunoglobulins with specific Fc receptors (FcR). ADCC has evolved as a defense mechanism against viral, fungal and parasitic infections, which are characterized by high expression levels of target antigens, allowing for activation of FcR-expressing immune effector cells upon engagement of a large number of opsonizing antibodies with rather low individual binding affinity of their Fc for the corresponding FcRs. By contrast, many tumors are characterized by heterogeneity in expression levels of tumor antigens or their downregulation as a common principle of tumor immune evasion; thus, the degree of avidity and power of ADCC is limited through lower and variable opsonization of tumor target cells with immunoglobulins. 9 Evidence from numerous studies supports the rationale of employing efficient NK cell engagement to achieve therapeutic benefits: In vivo, mice that have been NK cell-depleted or harbor NK cell deficiencies have a several-fold increased incidence of spontaneous or carcinogen-induced tumors. [10] [11] [12] These findings are reflected in humans where abnormal cytolytic function of NK cells is associated with a severely increased risk to develop several types of malignancies, especially hematologic cancers. [13] [14] [15] [16] Moreover, tumor infiltration of NK cells is associated with a positive prognosis in patients suffering from various malignancies. [17] [18] [19] [20] [21] A number of in vitro and in vivo studies have demonstrated that autologous and allogeneic cytokine-activated NK cells are capable of eliminating quiescent/non-proliferating target cells such as cancer stem cells. 22 Lastly, the finding that higher NK cell-binding affinity of mAbs correlates with enhanced ADCC has led to the development of a number of antibody modifications, including Fc-engineering 23 or glycoengineering, [24] [25] [26] which also translated into improved outcome in a number of clinical studies. [27] [28] [29] [30] [31] [32] Despite great promise, only a few classes of bispecific antibody formats specifically recruiting NK cells via antibody binding sites, the tandem diabodies, BiKEs and TriKEs, targeting tumor cells with their second specificity such as CD30 or CD33 have been developed so far. 2, 33 Those bispecific formats are solely composed of variable binding domains connected to each other via flexible linkers, and have much shorter serum half-lives than classical Fccontaining antibodies. NK cell recruitment by these bispecific antibodies is based on different CD16 (FcγRIII)-binding antibody domains differing in the isotype reactivity, recognition of CD16A (FcγRIIIA) and CD16B (FcγRIIIB), versus exclusive recognition of CD16A, affinity to different allotypes, and ability to compete with Fc binding or other CD16-binding antibodies, such as clone 3G8 that binds both CD16A and CD16B. 2, [34] [35] [36] The CD30/CD16A tetravalent bispecific antibody AFM13 is the most advanced innate immune cell engager derived from the fit-for-purpose ROCK® platform, which includes a plethora of known [37] [38] [39] and newly designed bi-or multispecific antibody formats. The platform is equipped with unique CD16A-specific antibody variable domains optimized for affinity and avidity aimed at broad and sustainable activation of innate immunity, including NK cells and macrophages. 40 ROCK®-mediated innate cell engagement is independent of a patient's CD16A allotype, binds to a specific epitope on CD16A distinct from the Fc binding site, is highly efficacious and virtually not inhibited by serum IgG. Despite bivalent CD16A engagement, ROCK® antibodies are engineered to prevent NK cell fratricide, a phenomenon described for mAbs such as daratumumab. 41 Based on the modularity of the ROCK® platform, therapeutic antibodies can be designed with different pharmacokinetic (PK) properties, allowing tailoring of formats to specific disease settings. The ROCK® antibody formats engaging innate immunity were designed to overcome limitations of T cellbased approaches and to be complementary to therapeutic agents stimulating adaptive immunity such as CPMs, as well as adoptive NK cellular therapy, thereby potentially enlarging the patient population benefiting from such immunotherapy.
Results

Rationale for generation of optimized anti-CD16A antibody domains
Most classical therapeutic antibodies containing an Fc portion show low intrinsic CD16A (FcγRIIIA) binding affinity, and immuno-engagers that employ the recognition site on CD16A also bound by the Fc proportion of IgG antibodies 34, 42 have to compete with serum IgGs for CD16A-binding, thereby limiting CD16A occupancy and increasing the dose of therapeutic antibody required for efficacy. Competition with plasma IgGs might be even more pronounced in disease conditions that are characterized by high levels of plasma IgGs, such as multiple myeloma. 43 In addition, CD16A polymorphisms in humans, 44 with the most prominent variants CD16A-158V and CD16A-158F differing in binding affinities to IgG and hence FcR functions like ADCC, result in different levels of efficacy of classical mAb therapy depending on the patient's individual CD16A genotype. 45, 46 Leveraging our ROCK® platform, we created an anti-CD16A domain that recognizes a unique epitope on CD16A, 2 and that is virtually unaffected by plasma IgG competition and CD16A polymorphism. In addition, we aimed for high affinity binding to CD16A mediating highly potent ADCC, and thus effective immuno-surveillance.
To fulfill the above-described criteria of antibody moieties with high affinity and selectivity for CD16A, a library of single-chain variable fragments (scFv) derived from human peripheral blood mononuclear cells (PBMCs) was screened. Using human CD16B variants for negative selection, an antibody with initially low affinity, but high selectivity for CD16A was identified (Ab16 lo ). Using different approaches for affinity maturation (e.g., light chain shuffling, rational mutagenesis in the complementaritydetermining regions of heavy chain), the affinity toward CD16A could be increased by at least a factor of 100, up to a K D of 2 nM (Ab16 hi , Figure 1 and Supplementary Figure S3 ). Ab16 mid and Ab16 hi also showed good cross-reactivity with cynomolgus CD16 (Figure 2a , Supplementary Table S1 ). Despite the affinity improvements achieved by affinity maturation, the specificity to CD16A (and not binding to CD16B) and the cross-reactivity to cynomolgus CD16 was maintained (Figure 2 , Supplementary Table S1 ).
Furthermore, the characterization of the anti-CD16A binders identified from the different affinity maturation strategies confirmed another unique characteristic: Engagement of CD16A uniformly and regardless of CD16A genotypic variation (Table 1 , Figure 1 and Supplementary Figure S3 ).
CD16A-specific binding to a distinct epitope and in the presence of serum IgG
In addition to the high degree of polymorphism shown by CD16A, allotypic variants of human CD16B (FcγRIIIB) differ in five amino acids in the extracellular domain (ECD) (Supplementary Figure  S1 ) and incorporate additional glycosylation, resulting in three alloantigenic variants of the glycosylphosphatidylinositol (GPI)-anchored CD16B granulocyte antigens, NA1, NA2 and SH. Notably, only two amino acid positions consistently differ in the mature ECD of CD16A and B (Supplementary Figure S1) . Additional variation resides in distinct modes of membraneanchorage of CD16A and CD16B. A carboxyterminal propeptide sequence of CD16B cleaved off in the mature GPI-anchored form has high homology to the sequence connecting CD16A ECD to its transmembrane domain (Supplementary Figure S1) . We generated and characterized a set of recombinant CD16 antigen mutants to investigate which of the CD16A/CD16B sequence variations determines the binding site for our strictly CD16A-selective antibodies: CD16B(NA1) ECD was either expressed as the maturated form (lacking the propeptide) (CD16B mat ), or as the precursor containing the propeptide sequence (CD16B pr ). In addition, CD16B pr ECD mutants in which CD16B-specific amino acids were replaced with the homologous residues of CD16A were generated and tested in binding assays: CD16B pr,D129G , CD16B pr,
H140Y
, CD16B
pr,S185F
. All tested CD16A and CD16B antigen variants were recognized by the CD16 pan-specific scFv antibody 3G8, confirming their molecular integrity (Figure 2,  Supplementary Table S1 ). scFv antibodies Ab16 mid or the affinityimproved Ab16 hi recognized the CD16A antigen, but not the mature or propeptide-containing ECD fusion antigens of CD16B. If, however, CD16B ECD Histidine (H) at position 140 was mutated to tyrosine (Y) -the amino acid present at the corresponding position in CD16A -this mutant form of CD16B ) was well recognized by the affinity-optimized scFv antibodies Ab16 mid and Ab16 hi ( Figure 2 , Supplementary  Table S1 ).
Both anti-CD16 scFv maintained very good cross-reactivity with cynomolgus CD16 (Figure 2, Supplementary Table S1 ), despite the fact that cynomolgus CD16 ECD differs in a total of 16 amino acids from human CD16A (see alignment in Supplementary Figure S1 ). Binding selectivity and importance of tyrosine (Y) at position 140 in the ECD of CD16 for CD16A-specific recognition by Ab16 mid and Ab16 hi antibodies was confirmed using recombinant Chinese hamster ovary (CHO) cells with membrane-anchored expression of different CD16 antigen variants (Figure 2(b) ). CD16A or CD16B pr,H140Y in contrast to CD16B pr or CD16B mat antigen variants, were also recognized after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on Western blot using these scFv antibodies (Figure 2 the Fc part of IgG were previously identified and described. 51 Antibody 3G8 was reported to bind CD16A and CD16B and block IgG binding. 47 No blocking of binding of our antibodies to CD16A by IgGs was observed. While binding of 3G8 mAb to CD16A is outcompeted with increasing concentrations of a scFv antibody containing the corresponding variable domains of 3G8, the anti-CD16 scFv antibodies Ab16 mid and Ab16 hi do not block or displace 3G8 mAb on CD16A and bind independently (Supplementary Figure S2) and with similar affinity in the absence or presence of competing 3G8 mAb (Supplementary Table S2 ). Since occupation of the 3G8 binding site on CD16A is known to block IgG binding, we conclude that the binding site of our anti-CD16 antibodies on CD16A is distinct from the IgG binding site. Accordingly, NK cell-binding K D values of scFv antibodies Ab16 hi and Ab16 mid were only mildly affected by addition of 10 mg/mL human IgG, whereas binding affinity of CD16-binding scFv "3G8" was more than 20-fold reduced in the presence of physiological IgG concentrations ( Table 2 ). These results suggest that our CD16A-binding antibodies Ab16 hi and Ab16 mid offer the advantage of high affinity binding to a CD16A-specific epitope that is not or only minimally impaired by competing IgG levels (e.g., in human blood), and we next attempted to exploit their power in multivalent anti-tumor NK cell-engaging ROCK® antibodies.
The ROCK® platform
In order to demonstrate the versatility of the anti-CD16A domains in different antibody formats and to exploit its full potential for harnessing innate immunity, we created a wide spectrum of ROCK® architectures based on known antibody formats 38 and newly designed variants thereof. The ROCK® formats are multivalent and multispecific with at least one target-binding site and two CD16A-binding moieties enabling bivalent binding. Depending on certain design criteria, such as valency, multispecificity, PK, and pharmacodynamic properties, the engager constructs are modularly assembled using variable binding domains in combination with or without a constant region. The ROCK® antibody formats can be grouped into four different families comprising: (1) Fc-less ROCK®, (2) Fc fusion ROCK®, (3) IgG-like ROCK®, and (4) antibody binding fragment (Fab) fusion ROCK®. The target and effector cell-binding moieties of family members 2, 3, and 4 can be either formatted as scFv, single-chain diabody (scDb), diabody (Db), or as Fab, enabling a range of functionalities. The binding domains are either fused to the N-and C-terminus of CH2/CH3 constant domains via a flexible linker or, alternatively, to the N-terminus via a hinge or shorter middle hinge. 52 For family 1, the binding domains are connected by peptide linkers and assembled as TandAb 53 or aTriFlex molecules. 54 To ensure powerful engagement and activation of NK cells, the anti-CD16A moiety is designed for bivalent binding in all families. The tumor target-binding domain in ROCK® engagers can be either monovalent or bivalent, depending on desired binding strength and/or target biology. Modularity of the platform furthermore facilitates construction of multivalent and multispecific engagers for the cotargeting of more than one tumor antigen. Figure 3 shows all four ROCK® families with their associated formats. In order to show the versatility of the ROCK® formats, different target-binding moieties such as BCMA, CD19, CD20, EGFR, human serum albumin (HSA), or RSV were chosen. Representative examples of ROCK® constructs or control antibodies characterized in more detail in functional assays target the solid tumor target EGFR or BCMA, a target in multiple myeloma (Table 3A-C). All ROCK® constructs are composed of human antibody domains, and have an approximate molecular weight of 100-250 kDa. In several cases tags (C-tag and/or 6xHis tag) were added at the C-terminus to enable selective purification K D values for the indicated scFv were determined in four independent experiments on enriched primary human NK cells at 37°C in the presence or absence of 10 mg/mL polyclonal human IgG. Figure 3 . ROCK® platform overview.
of heterodimeric antibodies via affinity chromatography, analysis of the two different polypeptide chains in asymmetric products, and, finally, ensure high purity (> 90%) of the desired product species.
Fc-less ROCK® family 1: This group of Fc-less constructs comprises the well-known TandAb format, of which several products are already in clinical development, 2,55-57 and the aTriFlex 54 antibodies. The latter can be engineered as a trispecific format, employing two different scFv specificities to address two different tumor-associated antigens or target epitopes or be used for PK-extension. For that purpose, we used HSA-binding antibody domains to extend serum halflife of the otherwise short-lived Fc-less antibody format. Both formats within this family assemble as dimers by interaction of corresponding heavy and light chain variable domains on two separate polypeptide chains as head-to-tail homodimers (TandAb format) or as heterodimers in a head-to-tail or headto-head fashion (aTriFlex). Members of this group are the smallest ROCK® bispecific constructs in size, with an approximate mass of 105 kDa of the functional dimer, and lack both an Fc and glycosylation.
Fc fusion ROCK® family 2: This family of Fc-containing antibody formats comprises several Fc variants [48] [49] [50] with the aim of avoiding Fcγ receptor binding, but still maintaining neonatal FcR (FcRn) binding for half-life extension. Thus, Fcγ receptor binding is exclusively mediated by the NK cell-binding domain and restricted to CD16A. In addition, the Fc included in this family can be either a IgG1-based homodimer (Bi-scFv-Fc, Db-Fc), a heterodimer (KiH-scFv-Fc, KiH-scDb-Fc) or a monomeric Fc (scDb-mFc). To facilitate heterodimerization, the "knobs-into-holes" (KiH) technology using classical Y407T ("holes") and T366Y ("knobs") mutations have been used. 58 The monomeric Fc (mFc) part has been engineered as previously published 59 using flexible connectors for fusion with target and NK cell-binding moieties. The anti-CD16A scDb is either located opposite to the target-binding domain at the N-or C-terminus or juxtaposed to it at the N-terminus as exemplified for KiH-scDb-Fc constructs (Figure 3) . A scDb format for the CD16A-binding domain was applied in KiH-scDb-Fc and scDbmFc constructs. The Db-Fc format is a homodimer that exhibits a diabody module. This Db-Fc format assembles from two VL/ VH domains that are fused to the constant regions via a flexible linker at the C-terminus or an extended hinge region at the N-terminus.
IgG-like ROCK® family 3: This bispecific antibody group encompasses the scFv-IgAbs and Bi-scFv-IgAbs, which are in principle "extended human IgG1" molecules 60 with two CD16A antigen-binding moieties fused to the C-terminus or located at the N-terminus as variable fragments (Fv) within both Fab arms. The same holds true for the tumor targetbinding domains that are located at the corresponding opposite ends. Bi-scFv-IgAb molecules exhibit a hexavalent trispecific IgG-like architecture with two additional pairs of antigenbinding scFvs fused to the C-terminus of a kappa or lambda constant region and CH3 via flexible linkers.
Fab fusion ROCK® family 4: Members of this group are "extended Fab" molecules and can be subdivided in the scDbTrib and the scDb-Trib-scFv formats. Both contain CD16A-binding moieties as a bivalent scDb fused to the C-terminus of a kappa or lambda constant region in scDbTrib-scFv or, in the case of scDb-Trib, to the C-terminal end of CH1 (Figure 3 ). For PK-extension, the variable domain at the N-terminus of the Fab fragment provides HSA-binding. Tumor targeting is achieved either by monovalent (scDbTrib-scFv) or bivalent (scDb-Trib) binding moieties (scFv vs. scDb) fused to the respective free C-terminus.
ROCK® engagers exploit avidity to maximize NK cell engagement via CD16A CD16A-binding retention of diverse ROCK® engager formats was investigated in SPR and compared to the monovalent binding of scFv Ab16 hi and that of engineered human IgG1 Fc (S239D/I332E), enhancing binding to human CD16A, by comparing dissociation from human CD16A-158V or cynomolgus CD16. Relative binding signals of the tested antibodies during a 3 h dissociation showed clear superiority in receptor retention of all tested ROCK® engagers on both, human CD16A-158V (76.6% -92.5%) and cynomolgus CD16 (84.9% -97.9%) compared to the much faster dissociating IgG Fc (S239D/I332E) (10%) or monovalently binding scFv Ab16 hi (0% -2.4%) (Figure 4) . Consistent with the results of the dissociation measurements by SPR, ROCK® engagers, such as the TandAb containing Ab16 hi Fv domains, exhibited substantial longer retention on the surface of NK cells than classical IgG with a wildtype Fc domain or enhanced IgG with S239D/I332E mutations in the Fc (Supplementary Figure S4) . Apparent CD16-binding strengths of different ROCK® NK cell engagers, all containing two binding sites for CD16A, furthermore depended on the anti-CD16 variable domain identity (high-affinity Ab16 hi , or medium affinity Ab16 mid ), antibody format and position of anti-CD16 moieties in the multispecific (bi-or trispecific) and multivalent (tetra or hexavalent) ROCK® NK cell engagers. Similar to the monovalent binding properties, bivalent CD16A-binding by Ab16 hi -containing ROCK® antibodies exhibited higher apparent affinities in enzyme-linked immunosorbent assays (ELISA) than corresponding ROCK® engagers containing Ab16 mid domains. Additionally, different positioning of anti-CD16A domains in ROCK® engagers enabled gradual affinity tuning: ROCK® architectures containing CD16A-binding moieties at the N-terminus of Fc domains mediated higher apparent binding affinity for CD16A than antibodies containing a fusion of anti-CD16A domains to the C-terminus of Fc (Figure 5a and b) . Fine-tuning of binding affinities could be accomplished by using either Fab or diabody-based binding modules at the N-terminus of the Fc, which enhanced binding strength as compared to the fusion of two CD16-binding scFvs (Figure 5a-b) . Further adjustment of CD16A-binding strength in ROCK® engagers containing anti-CD16A scFvs fused to the C-terminus of the Fc could be achieved by varying lengths of the connectors, whereby a longer connector facilitated higher apparent affinity CD16A-binding than a shorter connector (Figure 5c ). Likely, avidity, but also sterical aspects, influence apparent binding affinities in these setups, whereas the impact of different target-binding specificities on CD16A-binding was negligible.
To assess whether the CD16A-binding properties measured by ELISA correlate with binding to NK cells, a selected set of ROCK® engagers containing the Ab16 mid Fv domains was titrated on primary human NK cells in the absence or presence of polyclonal human IgG mimicking the physiological situation in human serum and the apparent affinities were determined by nonlinear regression (Figure 6a-c) . Again, constructs with the anti-CD16A domains in a N-terminal Fab or scFv (Bi-scFv-Fc_A and scFv-IgAb_A) exhibited a substantially higher affinity to NK cells relative to the corresponding constructs with the anti-CD16A domains in a C-terminal scFv (Bi-scFv-Fc_C and scFvIgAb_B). Interestingly, the TandAb with a central anti-CD16A diabody motif (Table 3B) showed similar high affinity to NK cells as constructs with N-terminal Fab or scFv, whereas the aTriFlex displayed the lowest affinity to NK cells despite a similar anti-CD 16A diabody motif in the core of the construct but also an asymmetric variable domain order. High IgG concentrations had no substantial effect on the apparent NK cell-binding affinity of TandAb and scFv-IgAb constructs with anti-CD16A domains in the N-terminal Fab, moderate impact (factors 4-9) on binding of constructs containing anti-CD16A scFv independent whether N-or C-terminally fused to the construct, and the strongest inhibitory effect for the anyhow poorly binding aTriflex.
NK cell fratricide and design of ROCK® formats
Multivalent high affinity binding of antibodies to CD16 harbors the risk of cross-linking the receptor on multiple NK cells, resulting in CD16A-mediated killing of cross-linked cells and thus depletion of the NK cell population. 61 This NK cell fratricide has already been shown for other mAbs such as daratumumab, which targets CD38 on the plasma membrane of NK cells. 41 Diminishing potency of NK cell lysis as described above. As a positive control, daratumumab was included in the assay setup. We have never observed NK-NK fratricide with antibodies containing only a single binding site for CD16A, which suggests that bivalency of CD16A is a prerequisite for NK cell crosslinking and subsequent fratricide. Intriguingly, depending on the ROCK® antibody format or the anti-CD16A variable domain order, the occurrence of NK cell fratricide, as well as the potency of NK cell killing, could be modulated (Figure 7) .
In general, all analyzed ROCK® antibody formats showed an ameliorated NK cell fratricide profile compared to daratumumab, which led to NK cell-directed killing with a mean potency of 158 pM. All tested ROCK® antibody formats either induced a less pronounced or no NK cell killing at all.
CD16A engagement via C-terminally fused anti-CD16 moieties of the ROCK® antibody appeared to avoid NK cell fratricide more robustly compared to CD16A engagement at the N-terminus. However, focusing on N-terminal CD16 engagement in detail revealed a more pronounced NK cell depletion using Fab-based CD16A engagement with mean potency values between 1439 and 2389 pM. Intriguingly, by analyzing the domain order of the CD16 Fv, a substantially lower number of constructs induced NK cell fratricide when the domain order was VL-VH in contrast to constructs containing the VH-VL domain order, which all induced NK cell lysis.
In summary, the proportion of NK cell fratricide-inducing antibodies as well as the potency of NK cell killing could be efficiently ameliorated by avoiding Fab-based CD16A engagement and focusing on the beneficial VL-VH order of the CD16 binding Fv domain. 
Modulation of PK
Another important parameter for therapeutic antibodies is their serum half-life. For highly cytotoxic antibodies, a short half-life might be preferred because it enables rapid clearance. In contrast, for antibodies with good safety profiles, longer half-lives are likely to be favored to increase patient convenience by avoiding frequent dosing or the need for continuous infusion. Basic PK parameters of a selected set of ROCK® formats were analyzed in CD-1 SWISS mice. For the IgG-like family of ROCK® engagers, two representative scFv-IgAb antibodies (scFv-IgAb_A and scFv-IgAb_D) either containing anti-CD16 moieties in N-terminal Fab or as scFvs fused to the C-terminus of CH3 were chosen. For the Fc fusion family of ROCK® engagers, a symmetric Bi-scFv-Fc_A and an asymmetric, scDb-containing KiH-scDb-Fc_A antibody were analyzed. Finally, for the Fab fusion and Fc-less families, the TandAb_B, aTriFlex_A, aTriFlex_B, and scDbTrib_A antibodies were selected for PK analysis. The latter two employ a HSA-binding moiety with low affinity compared with a high affinity HSA-binding domain in aTriFlex_A for PK-extension. The tumor-targeting domains in the selected ROCK® engagers were either specific to human EGFR or BCMA. As both target-and CD16A-binding moieties are not cross-reactive to the corresponding mouse analogs (data not shown), no target-related pharmacodynamic effects could be postulated.
Blood serum samples from animals that received a single intravenous administration of 0.3 mg (~10 mg/kg body weight) of the different test items were collected at different time points for a period of 1 or 3 weeks and analyzed with established assays based on ELISA or MSD technology. Basic PK parameters were determined by noncompartmental PK analysis ( Table 4) . Following intravenous administration of the different ROCK® formats, serum concentrations declined in a biexponential manner (Figure 8 ).
Half-lives of both IgG-like formats were shown to be in the same range of 329.2 and 364.3 h, respectively, and are comparable to standard IgG molecules. 62 Shorter half-lives of 95.8 or 74.3 h, respectively, were measured for the Fc fusion formats Bi-scFv-Fc_A and KiH-scDb-Fc_A. Serum half-lives of those were between the IgG-like and the Fc-less and Fab fusion ROCK® formats. However, the observation period for Bi-scFvFc_A was only 1 week compared to 3 weeks for both of the scFv-IgAb formats. Therefore, this value may be underestimated. The shortest half-lives were measured for the Fc-less and the Fab fusion ROCK® formats. Mean apparent terminal half-lives were 37.4 h for aTriFlex_A containing a high affinity anti-HSA moiety, and 18.0 h for the TandAb. The low affinity anti-HSA domain in scDb-Trib_A could not prolong the halflife of this construct (14.0 h). A similar ranking could be performed based on the mean residence times (MRT), which defines the unchanged drug in the circulation. The highest MRTs were shown for the IgG-like and Fc fusion test items with 528.5 to 110.6 h, followed by relatively short MRT values from 61.6 to 28.5 h for the Fc-less and Fab fusion formats represented by the TandAb, aTriFlex, and scDb-Trib, respectively. This ranking also holds true for the clearance (C) ranging between 0.006 and 1.228 mL/h with the highest value obtained for the TandAb construct containing neither Fc nor an anti-HSA domain. An important parameter is also determined by the area under the curve (AUC), which defines the maximal amount or exposure of a molecule in the organism over time. As expected highest AUC values were achieved with the Fccontaining formats. Nearly 10-fold lower values were measured for the smaller Fc-less formats. Again, the TandAb demonstrated the lowest exposure with a 100-fold difference in AUC compared to the long-lived test items.
The steady-state distribution volume (V ss ) that defines the apparent volume needed to account for the total amount of drug in the body if the drug was evenly distributed throughout the body was highest for the TandAb (4.8 mL), followed by both IgG-like (3.3 mL and 3.1 mL, respectively), the Fc fusion (2.2 mL), the aTriFlex (2.2 mL) and the scDb Tribody (1.5 mL). The lower V ss value of the scDb Tribody implies that the majority of the molecule remains in the blood compartment (blood).
In conclusion, different ROCK® formats showed distinct PK profiles in CD-1 mice, with half-lives ranging from 14 to 364 h.
Superior in vitro cytotoxicity of ROCK® engagers
In vitro cytotoxicity of various ROCK® engagers targeting EGFR or BCMA was assessed in calcein-release assays ( Figure 9 ).
BCMA-targeting engagers with Ab16
hi Fv domains (TandAb_A, scFv-IgAb_D, Bi-scFv-Fc_B, and KiH-scDb-Fc_A) were compared with the Ab16 mid Fv-containing engager scFv-IgAb_E and Fc-enhanced anti-BCMA IgG1 with S239D/I332E mutations in the Fc (IgAb_C) on target cells expressing high (NCI-H929), mid (MM.1S), or low (MC/CAR) BCMA levels on the cell surface (Figure 9a) 50 values were most pronounced for the BCMA-targeting TandAb_A, the KiH-scDb-Fc_A, and the scFv-IgAb_D. These results suggest that two valencies for CD16A and high apparent affinities for NK cells are advantageous for triggering NK cellmediated lysis of less susceptible target cells and/or target cells expressing lower numbers of cell surface target antigens. Of note, bivalency for CD16A alone was not sufficient to mediate NK cell activation, as antibody-induced expression of NK cell activation marker CD69 and cytokine release in human PBMC cultures were strictly dependent on the presence of target cells (Supplementary Figure S5) . Furthermore, inflammatory cytokine levels released in human PBMC cultures by NK cell engaging ROCK® antibodies were several orders of magnitude lower than those released by a BCMA-directed T cell engager (Supplementary Figure S6) .
Similar to the results obtained with BCMA-targeting ROCK® engagers, EGFR-targeting ROCK® engagers showed superior potency in killing assays on SW-982 and A-431 target cells, reaching single digit pM EC 50 values, compared to Fcenhanced anti-EGFR IgG1 with S239D/I332E mutations in the Fc (IgAb_D), classical EGFR-targeting IgG1 (IgAb_B) or monovalently binding bispecific engager (BiKE) comprising the identical effector-and target-binding domains (Figure 9b, and  Supplementary Figure S7) . The EGFR/CD16A aTriFlex_A, despite substantial lower apparent affinity to human NK cells than other ROCK® engagers (Figure 6 ), had similar potency as the Fc-enhanced anti-EGFR IgG1 (IgAb_D) (Supplementary Figure S7) . Nonspecific killing can be excluded since the BCMA-targeting scFv-IgAb_E showed no killing activity on the EGFR positive, BCMA negative target cell line A-431 (Supplementary Figure S7) .
The analysis of the apparent affinities of various BCMA/ CD16A engagers to NK cells and the respective potency in in vitro cytotoxicity assays shown in Figure 9c suggests a correlation of the apparent affinity for CD16A on the NK cells and potency in cytotoxicity assays. The correlation was observed in 3 h cytotoxicity assays on RPMI-8226 target cells at an E:T of 2:1 as well as in 4 h assays on NCI-H929 target cells at an E:T ratio of 5:1, supporting the theory that high affinity binding to CD16A on NK cells contributes to superior cytotoxic potency. However, different binding affinities to BCMA + target cells due to different architectures and orientation of the anti-BCMA Fv domains might also contribute to the potency of the engager constructs.
Superiority of a ROCK® CD30/CD16A-targeting TandAb over conventional and Fc-engineered anti-CD30 antibodies was even more pronounced when in vitro cytotoxicity assays were performed in the presence of physiological levels of competing IgG. Supplementation with 10 mg/mL polyclonal IgG clearly increased background lysis in all cultures (Supplementary Figure S8B) , most likely due to serum IgG-induced degranulation by NK cells. (1) unfavorable benefit/risk ratio or narrow therapeutic window, including antibody-drug conjugates or T cell-based agents such as rovalpituzumab tesirine 64 and CD19/CD3-bispecific T cell engager duvortuxizumab, 65 respectively; and (2) lack of efficacy. 66, 67 Using the ROCK® platform, we have developed an innovative portfolio of multivalent, multispecific immune cell engagers with unique properties to overcome such limitations and to maximize the potential of innate immune effectors such as NK cells and macrophages.
Although the ROCK® platform is not exclusive to a particular immune cell type, we focused this study on CD16A-specific immune cell engagers that mediate targeting of malignant cells by NK cells and other CD16A + immune effector cells.
Our NK cell engagers have demonstrated potency in vitro and significantly lower levels of cytokine release than T cell engagers (i.e., BiTEs). This is an important safety consideration and supports the clinical experience with NK cell-based approaches: both NK cell engagement and adoptive NK cell therapy have shown a favorable safety profile and are thus differentiated from T cell-based therapy, which have often shown a narrow therapeutic window due to CRS, tumor lysis syndrome and neurotoxicity. 3, 68 In addition to toxicities, limited infiltration of effector cells in solid tumors is one of the major factors hindering development of T cell-based therapies in such cancers. Studies across several tumor indications suggest that prevalence of NK cells is associated with beneficial outcomes, 19 ,69-71 and we were able to show that a CD16A-based engager is able to restore dysregulated NK cell activity in patients. 72 In the case of adoptive NK cell therapy, good safety profiles and the ability to induce remissions in patients with AML have been shown. However, limitations of this approach are the short persistence of NK cells in vivo and the lack of redirection to tumor cells. A combination of engagers with adoptive NK cell therapy may overcome these hurdles.
CD16A, which is also known as FcγRIIIA receptor, 73 mediates ADCC by activation of NK cells and subsequent exocytosis of cytotoxic granules, death receptor signaling, and release of pro-inflammatory cytokines. 8 For most classical mAbs, ADCC is rather limited through: (1) low expression levels of antigens on tumor cells compared to, for example, virus-infected cells, and thus limited opsonization of target cells, (2) low affinities of the Fc region to CD16A, (3) polymorphisms in CD16A influencing efficacy, 74, 75 (4) competition with serum IgG for CD16A-binding, and (5) NK cellmediated NK cell killing (NK cell fratricide). 41 Although higher affinities to FcγRIII have been achieved by engineering Fc portions of therapeutic antibodies, better clinical outcomes have only been achieved in some indications for anti-CD20 antibodies 32 and the above limitations still need to be overcome. For our ROCK® platform, we initially combined unique CD16A-specific domains that have already been successfully applied in AFM13. 2, 3 This anti-CD16 domain 2 (Ab16 mid ) demonstrates high specificity for CD16A, virtually no competition with serum IgG, robust binding and engagement of NK cells and very good potency in tumor cell killing, and thus served as a bona fide effector domain that could be further engineered and applied as a backbone in the ROCK® platform.
In a first attempt, we performed an affinity maturation to enhance efficacy. This maturation step led to the second generation of anti-CD16A domains, which maintained the characteristics of the parental domain in terms of specificity and serum IgG competition. After maturation, the domains reached affinities up to 2 nM as measured in kinetic experiments via SPR. Thereby, these antibody domains enable substantially higher affinity binding to both prominent allelic variants CD16A-158V and CD16A-158F compared with wild type IgG1 Fc portions, which bind to CD16A in the high nM to µM K D range and have a clear preference for the CD16A-158V allele that is maintained even in the context of antibody scaffolds with affinity enhanced Fc (e.g., S239D/I332E) as reported by us and others. 77 Due to recognition of an epitope on CD16A that is distinct from the Fc binding site, binding of our ROCK® engagers to CD16A is virtually not impaired in the presence of physiological or even pathophysiological levels of competing IgGs, allowing for efficacious redirection of NK cells independent of patient CD16A allotype. Notably the specific binding of our CD16A domain is different from clone 3G8, [34] [35] [36] which binds both CD16A (FcγRIIIA) and CD16B (FcγRIIIB), thus avoiding a potential sink on polymorphonuclear granulocytes that express CD16B. In addition, the contribution of neutrophils, the most abundant type of granulocytes, and the role of CD16B in tumor control is not fully understood. 78, 79 Therefore, it is suggested that also those patients with a low affinity CD16A genotype (158F, roughly 85% of the Caucasian population) 74, 75 will respond better to immune cell engagers based on the ROCK® anti-CD16A domains. Moreover, the lack of binding to Fc receptors other than CD16A could substantially reduce sink-effects compared to conventional mAbs.
In a second step, we used the first (Ab16 mid ) and second generation of affinity-optimized anti-CD16A domains (Ab16 hi ) in different engager formats. Based on internal data (unpublished results), the Ab16 mid binding moiety is fully functional in different setups, such as scFv, scDb, Db, or Fab that could be universally used as building blocks in different engager formats. Activity and functionality in a wide spectrum of different engager formats is crucial because the tumor target domain or epitope may be less flexible or accessible only with certain antibody formats or architectures. A plethora of bispecific or multispecific antibody formats based on scaffolds such as IgG, Fc, or Fab has previously been described and validated by others 37, 38, 80 for immune cell engagement. Typically, binding domains in these architectures are arranged in Fab arms 81, 82 or as scFvs fused to the asymmetric or symmetric scaffolds. 60 Other bispecific formats are exclusively based on binding domains connected via flexible linkers as represented by the TandAb and other formats without a constant domain. [83] [84] [85] [86] [87] In order to make further use of the unique anti-CD16A domains and profit from their unique features, we added both previously known and newly engineered multivalent and multispecific antibody formats to the ROCK® platform. All formats exhibit two CD16A-binding moieties in order to increase the binding strength through avidity effects. To avoid additional and less selective binding to other Fcγ receptors, Fc portions of Fc-containing ROCK® engagers comprise a combination of silencing mutations, [48] [49] [50] but still maintain FcRn-binding for extended half-life. Fab fusion 81 and Fc-less engager constructs such as aTriFlex 54 complement and extend the versatility of the ROCK® platform. Finally, the platform can be used to generate molecules in four different families: (1) Fcless ROCK®, (2) Fc fusion ROCK®, (3) IgG-like ROCK®, and (4) Fab fusion ROCK®, which have been further optimized for innate immune cell engagement.
In all formats, we were able to show that our highly CD16A-selective Fv domains, with its bivalent effectorbinding characteristics in ROCK® engagers, fully leverage the avidity effect to maximize receptor retention, which is a strong differentiating feature of the platform compared to Fc-enhanced IgGs or monovalent recruiting antibodies. Apparent CD16A-binding strength was superior to wildtype IgG1 and Fc-enhanced IgGs for all tested ROCK® engagers, but still tunable with the use of different variable domains, Nor C-terminal positioning and connector lengths. Most importantly, fine-tuning of binding affinities could be accomplished by using either Fab-or Diabody-based binding modules that enhanced binding strength as compared to the fusion of two CD16-binding scFvs. Intriguingly, the Db-format is one of the smallest bivalent monospecific or monovalent bispecific antibody formats with a rigid antibody structure. Its short linkers between VL and VH impose major constraints to the association of the two chains. There are models that postulate a very compact structure with the size of a Fab,- 88, 89 with each specificity pointing to opposite directions. 90, 91 Most likely, this structure may constitute a key element for an optimal innate immune cell engaging domain via CD16A. A similar rigid and compact structure with comparable architecture can also be postulated for the tandem diabody. A molecule of this type is already being tested clinically, i.e., AFM13, 2,3 the most advanced NK cell engager format within the ROCK® platform. However, it remains to be shown if the Db, scFv or scDb format is the best fit-for-purpose NK cell engaging domain, and whether this principle can be transferred to other activation molecules, such as NKp46 or NKG2D.
Most notably, the ROCK® platform enabled the generation of NK cell engagers comprising two high affinity anti-CD16A domains that facilitate bivalent binding to NK cells but exclude crosslinking of neighboring NK cells. This is an important safety feature since NK-NK crosslinking would not only lead to off-target NK cell activation followed by secondary pharmacodynamic effects such as unintended cytokine release, but would also induce NK-NK cell fratricide and subsequently deplete the effector cell population. This effect was not only observed in vitro but also in vivo as shown for daratumumab. 41 Although daratumumabinduced NK cell depletion is caused by classical ADCC after binding to CD38 on the target cell population and to CD16A on the effector cell, 92 studies with daratumumab revealed that NK cell fratricide can be induced by antibodies, and that NK cells are not protected from killing by autologous NK cells. Employing the modularity of the ROCK® platform, the NK cell fratricide could be avoided by switching the CD16A antigen-binding moieties to VL-VH orientation, its positioning within the molecule (preferably at the C-terminus) and by modulation of linkerand connector-lengths. 93, 94 Adjustment of optimal PK is yet another important factor for antibody treatment in clinical development. Short-lived formats have the advantage of good tunability and rapid clearance from the patient's body in case of toxic side effects, but lack patient convenience through frequent dosing or continuous infusions as has been seen for blinatumomab. A vice versa situation is given for a long-lived antibody molecule. The ROCK® platform accommodates both short and long-lived formats and those that can be modulated in between. Judging from a mouse PK study, the long-lived formats reach half-lives expected from canonical IgGs, whereas other formats exhibit half-life measurable in hours and are comparable to blinatumomab, BiKE and DART® molecules. 62 In vitro cytotoxicity assays with two independent sets of ROCK® engagers targeting either BCMA or EGFR demonstrated higher cytotoxic potency for engagers possessing high apparent affinity for NK cells and lower potency for constructs with low apparent affinity or only monovalent interaction with NK cells, such as classical IgG or engineered IgG with Fc-enhanced effector function. High affinity binding of ROCK® engagers to NK cells is not only beneficial for high cytotoxic potency on target cells expressing low cell surface levels, such as BCMA on MC/CAR cells, but also for high potency on target cells with medium or high copy numbers of the target antigen like BCMA on MM.1S or EGFR on A-431. In this context, the anti-CD16A diabody motif represents a remarkable structure that leads to high apparent affinities on NK cells and subsequent high potency in cytotoxicity assays in the bispecific TandAb, Db-Fc, KiH-scDbFc format, but surprisingly not in the asymmetric aTriFlex format. Since the anti-CD16A diabody without the distal tumor-targeting scFv, which are present in the aTriFlex format, exhibit high apparent affinities to NK cells (data not shown), it is tempting to speculate that the diabody fusion with the scFv itself changes the correct folding of the diabody or that the fused scFv lead to a sterical hindrance that reduces binding to CD16A on NK cells. In the present evaluation of the ROCK® engagers concerning NK cellbinding and cytotoxic activity, the apparent affinities of the engagers for the respective target antigens on cells was not considered. Although most of the ROCK® engagers are bivalent for the target antigen, their different apparent affinities may affect cytotoxic activity.
In summary, we presented a highly differentiated and novel fit-for-purpose technology platform allowing the engineering of innate immune cell engagers to overcome the therapeutic limitations of T cell-based approaches, monoclonal and Fc-enhanced antibodies. Key features of the ROCK® platform engagers are the unique CD16A domains, lack of serum IgG competition, independence of CD16A polymorphisms, and their multivalent architecture. In addition, the combination of CD16A antibody engineering in the context of a broad range of scaffolds allows for customized properties such as PK, high affinity/avidity and potency, and avoidance of NK cell fratricide. The ROCK® platform thus holds great promise for generating novel product candidates for tailored immunotherapy of cancer.
Materials and methods
Generation of ROCK® recombinant antibodies, controls, and antigen variants
Gene sequences for different recombinant proteins (antigens, antibodies, controls) were synthesized by GeneART Gene Synthesis (Thermo Fisher Scientific, Regensburg, Germany) or derived by PCR. Expression vectors, encoding these recombinant proteins, were generated by cloning of the respective sequence elements into the mammalian expression vector pcDNA5/FRT (Life Technologies) or a modified version thereof using standard molecular biology techniques. Soluble recombinant antigen variants were constructed as fusion proteins of the ECD sequences to monomeric Fc. 59 For the expression of cell surface-anchored antigen variants, ECD sequences were either fused to the transmembrane domain of human EGFR 95 or anchored via GPI using the human CD16B endogenous sequence with the full-length propeptide sequence for post-translational processing and lipidation for GPI-anchorage. In some expression constructs, the original vector was modified to contain two cytomegalovirus-promotor controlled expression cassettes for coexpression of two antibody chains. A further modification of the mammalian expression vector was the replacement of the hygromycin resistance with a puromycin resistance gene. Expression constructs were furthermore designed to contain coding sequences for N-terminal signal peptides to facilitate secretion. For recombinant fusion constructs (e.g., antigens with IgG1 Fc portion) sequences encoding the fusion partners were PCR amplified using elongated primers to construct corresponding linker or connector sequences for gene fusion or restriction enzyme digestion. The resulting overlapping DNA-fragments were inserted into the coexpression vector at the relevant position using Gibson Assembly® Master Mix (New England Biolabs, cat.: E2611) to yield the final construct. Sequences of all constructs were confirmed by Sanger sequencing performed at GATC (Köln, Germany) using custom-made primers.
Soluble antibodies or antigens or cell surface-anchored antigens were expressed in CHO as previously described. 57 Target proteins were purified from cell culture supernatant using one or two standard affinity chromatographic methods (Protein A, Protein L, Capture Select C-tag or IMAC) depending on monomeric or multimeric (homodimeric, heterodimeric, or tetrameric) product form and on fused affinity tags, presence of κ-light chain or Fc part. All protein preparations were further polished via size-exclusion chromatography (SEC) and analyzed using SEC-multi-angle light scattering, SDS-PAGE and UV-Vis spectroscopy.
Dotblot, SDS-PAGE, and western blot
Purified recombinant CD16 antigen variants were spotted on nitrocellulose membranes, or mixed with sample buffer and separated on 4-20% Criterion TGX Precast Gels (Bio-Rad). Total protein was imaged using the Bio-Rad Molecular Imager Gel Documentation system. Protein was transferred by Western blotting to PVDF Midi Membranes using the Trans-Blot Turbo system (Bio-Rad). Membranes were blocked for 30 min with 3% (w/v) skimmed milk powder (Merck) dissolved in tris-buffered saline (TBS) and incubated with 2-4 µg/mL of anti-CD16 scFv antibodies for 1 h at room temperature followed by washing with TBST (TBS containing 0.1% (v/v) Tween 20) and two times with TBS. Membranes were incubated with anti-Penta-His-HRP (Qiagen, cat.: 34460) 1:3,000 diluted as secondary detection conjugate for 1 h at room temperature. After washing, colorimetric development was started by addition of a freshly prepared mixture of 0.66 mg/mL DAB, 0.02% CoCl 2 , 0.015% H 2 O 2 in TBS and stopped by washing membranes in water. Membranes were dried and photographed.
Analysis of CD16A antigen binding by ELISA 96-well ELISA plates (Immuno MaxiSorp; Nunc) were coated overnight at 4°C with recombinant antigens or different NK cell engager antibody formats in 100 mM carbonate-bicarbonate buffer. Depending on the molecular mass, 0.5-3 µg/mL of antigen or 2-5 µg/mL of antibody formats were coated, equalizing molarities to approximately 30 nM for coated antigens or 10-20 nM for coated antibodies. After blocking with 3% (w/v) skimmed milk powder (Merck) dissolved in phosphatebuffered saline (PBS), serial dilutions of His-tagged scFv antibodies or of a biotinylated CD16A-158V ECD-monomeric Fc fusion antigen in PBS containing 0.3% (w/v) skim milk powder were incubated on the plates coated with antigen or antibodies, respectively, for 1.5 h at room temperature. To assess binding competition, scFvs were titrated and co-incubated on the plates with 1 nM or 10 nM of 3G8 mAb. After washing three times with 300 µL per well of PBS containing 0.1% (v/v) Tween 20, plates were incubated with detection conjugates, Penta-His-HRP, at 1:3,000 dilution, Streptavidin-HRP (Roche, cat.: 1108915300) or for the detection of competitor 3G8, Peroxidase AffiniPure Goat Anti-Mouse IgG (H + L) (Dianova, cat.: 115-035-003) at 1:10,000 dilution for 1 h at room temperature. After washing, plates were incubated with tetramethylbenzidine substrate (Seramun) for 1-2 min or until color development was clearly visible. Reaction was stopped by addition of 0.5 M H 2 SO 4 (100 µL/well). Absorbance was measured at 450 nm (1 s) using a multiwell plate reader (Victor, Perkin Elmer). Absorbance values were plotted and EC 50 values were determined by fitting a nonlinear regression model to sigmoidal dose-response curves (four parameters logistic fit) using GraphPad Prism version 6.07 (GraphPad Software, La Jolla California USA). 
Isolation of human NK cells
PBMC were isolated from healthy volunteers' buffy coats (German Red Cross, Mannheim, Germany) by density gradient centrifugation using Lymphoprep (StemCell Technologies, cat.: 07861), as described before.
2,96 PBMC were cultured overnight in complete RPMI 1640 medium at 37°C and 5% CO 2 in a humidified atmosphere before NK cells were enriched by negative bead selection using EasySEP™ Negative NK Cell Enrichment Kit (StemCell Technologies, cat.: 17955) according to manufacturer's instructions. The purity of NK cell isolation was determined by flow cytometry, and demonstrated usually >80% CD56 + cells (data not shown).
Cell binding assays and flow cytometric analysis
Aliquots of 0.2-1 × 10 6 enriched human NK cells were incubated with 100 µL of serial dilutions of the indicated constructs in FACS buffer (PBS, Invitrogen, cat.: 14190-169) containing 2% heat-inactivated FCS (Invitrogen, cat.: 10270-106), 0.1% sodium azide (Roth, cat.: A1430.0100) in the absence or, if indicated in the presence of 10 mg/mL polyclonal human IgG (Gammanorm, Octapharma) for 45 min at 37°C. After repeated washing with FACS buffer, cell-bound His-tagged scFv, TandAb, or aTriFlex antibodies were detected with 10 µg/mL anti-His mAb 13/45/31-2 (Dianova, cat.: DIA910-1MG) followed by 15 µg/mL FITCconjugated goat anti-mouse IgG (Dianova, cat.: 115-095-062). Bispecific BCMA/CD16A antibody constructs were detected with soluble His-tagged BCMA followed by 10 µg/mL antiHis mAb 13/45/31-2 followed by 15 µg/mL FITC-conjugated goat anti-mouse IgG, and bispecific Fc-containing EGFR/ CD16A constructs with 15 µg/mL FITC-conjugated goat antihuman IgG (Dianova, cat.: 109-095-098). After the last staining step, the cells were washed again and resuspended in 0.2 mL of FACS buffer containing 2 µg/mL propidium iodide (Sigma, cat.: P4170) in order to exclude dead cells. The fluorescence of 2-5 × 10 3 living cells was measured using a Millipore Guava EasyCyte flow cytometer (Merck Millipore, Schwalbach, Germany) or CytoFlex cytometer (Beckman Coulter, Krefeld, Germany), and median fluorescence intensities of the cell samples were determined. After subtracting the fluorescence intensity values of the cells stained with the secondary and/or tertiary reagents alone, the values were used for nonlinear regression analysis. Equilibrium dissociation constants (K D ) were calculated using the one-site-binding (hyperbolic) fit and GraphPad Prism software V6 or V7 (GraphPad Software, La Jolla California USA).
Cytotoxicity assays
For the calcein-release assay, target cells were labeled with 10 mM calcein AM (Life Technologies, cat.: C3100MP) for 30 min in RPMI medium at 37°C, washed, and 1 × 10 4 tumor target cells were seeded, in individual wells of a 96-well micro plate, together with effector cells in a total volume of 200 µL at the indicated effector:target (E:T) ratios in the presence of increasing antibody concentrations. For the assessment of NK fratricide, 5 × 10 4 calcein-labeled primary human NK cells were coincubated with autologous NK cells at an E:T ratio of 1:1 in the presence of increasing antibody concentrations. After incubation at 37°C in a humidified 5% CO 2 atmosphere for 4 h if not otherwise indicated, the fluorescence (F) of calcein released into the supernatant was measured by a plate reader at 520 nm (Victor 3 or EnSight, Perkin Elmer, Turku, Finland). The specific cell lysis was calculated as:
[F(sample)-F(spontaneous)]/[F(maximum)-F(spontaneous)] x 100%. F(spontaneous) represents fluorescence released from target cells in the absence of effector cells and antibodies, and F(maximum)represents that released after total cell lysis induced by addition of Triton × 100 (Roth, cat.: 3051.2) to a final concentration of 1%. Mean values of specific target cell lysis (%) and standard deviations (SD) were plotted and in vitro potency (EC 50 ) was determined by fitting the nonlinear regression model to sigmoidal dose-response curves (variable slope) using GraphPad Prism (v6 and v7; GraphPad Software, La Jolla California USA).
Surface plasmon resonance
Kinetic binding analyses of monovalent interactions to CD16A and qualitative dissociation phase comparison of monovalent and bivalent anti-CD16A-binding analytes were performed on a Biacore T200 Instrument (GE Healthcare) at 25°C using HBS-P+ (10 mM HEPES, 150 mM NaCl, 0.05% (w/v) polysorbate 20, pH 7.4) as running buffer and for dilutions. CAP sensor chips (Biotin Capture Kit, GE Healthcare) were preconditioned overnight using HBS-P+ buffer. In a precapturing step, chip surfaces were treated with Biotin CAPture reagent (GE Healthcare) at 5 µL/min for 100 s in flow cells 1-4. For kinetic binding analyses of various anti-CD16A scFvs, human CD16A-158V, or human CD16A-158F ECDs fused to Avi-tagged and biotinylated monomeric Fc (silenced, L234F/L235E/D265A [48] [49] [50] 
Pharmacokinetic studies of ROCK® engagers
Basic PK parameters of the different ROCK® platform formats were assessed in CD-1 SWISS mice. In life phases were conducted by Heidelberg Pharma GmbH. CD-1 SWISS female mice (30 g body weight) received a single intravenous administration of 0.3 mg (~10 mg/kg) of the test item. At different time points, blood was collected for a period of 1-3 weeks. A representative blood withdrawal schedule covered 13 timepoints, for example, predose day −7, 5 min, 30 min, 1, 4, 8 h, 1, 2, 3, 4, 7, 14, and 21 days posttreatment. Serum from the blood was taken and frozen for quantification. Different methods were developed using combinations of soluble antigens and/or mAbs as capture and/or detector for ROCK® engagers and ELISA or MSD technology. Assay development, qualification and determination of serum concentrations were executed by MicroMol GmbH using a Tristar LB941 instrument (Berthold instruments) based on enhanced chemoluminescence detection. 
